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We study the axion cooling of neutron stars within the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) model,
which allows for tree level coupling of electrons to the axion and locks the Peccei-Quinn charges of fermions
via an angle parameter. This extends our previous study [Phys. Rev. D 93, 065044 (2016)] limited to hadronic
models of axions. We explore the two-dimensional space of axion parameters within the DFSZ model by
comparing the theoretical cooling models with the surface temperatures of a few stars with measured surface
temperatures. It is found that axions masses ma ≥ 0.06 to 0.12 eV can be excluded by x-ray observations of
thermal emission of neutron stars (in particular by those of Cas A), the precise limiting value depending on the
angle parameter of the DFSZ model. It is also found that axion emission by electron bremsstrahlung in neutron
star crusts is negligible except for the special case where neutron Peccei-Quinn charge is small enough, so that
the coupling of neutrons to axions can be neglected.
I. INTRODUCTION
Axions were suggested four decades ago [1, 2] to solve the
strong-CP problem in QCD [3]. They are one of the viable
candidates for the cold dark matter in cosmology and can play
an important role in the stellar astrophysics. Axions are identi-
fied with the pseudo-Goldstone bosons which emerge through
the spontaneous breaking of the approximate Peccei-Quinn
(PQ) global U(1)PQ symmetry [4, 5]. Their coupling to the
Standard Model (SM) particles is determined by a decay con-
stant fa and PQ charges of the SM particles. For reviews of
searches of axions in experiments and limits on their proper-
ties from astrophysics see Refs. [6–8].
In a previous work [9] (hereafter Paper I) the axion cool-
ing of neutron stars was studied on the basis of numerical
simulations, with the aim of placing constraints on the ax-
ion coupling (or, equivalently, the mass ma) through com-
parison of the simulation results for neutron star surface tem-
peratures with the observed surface photon luminosities of a
few well-studied objects. As in the case of the Sun, solar-
type stars, red giant stars, white dwarfs, and supernovae con-
straints on axion properties can be obtained by requiring that
the coupling of axions to SM particles should not alter sig-
nificantly the agreement between theoretical models and ob-
servations [10, 11]. In Paper I the PQ charges of constituents
of neutron star matter were chosen according to the hadronic
model of axions, i.e., the Kim-Shifman-Vainstein-Zakharov
(KSVZ) model [12, 13]. In this model protons and neutrons
have nonzero PQ charges and, therefore, couple to the axion
at the tree level. On the contrary, electron’s PQ charge is zero,
i.e., the axion does not couple to the electron at the tree level.
In an alternative Dine-Fischler-Srednicki-Zhitnitsky (DFSZ)
axion model [14, 15] electrons have nonzero PQ charges,
therefore the electronic component of a neutron star can cool
by emitting axions. Furthermore, in the DFSZ model the cou-
plings of the SM particles depend only on an angle param-
eter and fa, which limits the parameter space of this model
to a two-dimensional plane. It is the purpose of this work
to adapt and extend the computations reported in Paper I to
the DFSZ axion model. A new aspect of this study is the ad-
ditional axion emission through the electronic component of
the star, which contributes alongside the axion emission by
hadrons studied in detail in Paper I. Another novelty is the
“locking” of the fermionic PQ charges via an angle parameter
in the DFSZ model, which restricts the parameter space and,
therefore, facilitates the parameter study of cooling curves.
A number of complementary studies of axion cooling of
neutron stars have recently used the data on compact cen-
tral objects (CCOs) to place limits on the axion properties.
The transient behavior of the Cas A has been studied in
Refs. [16, 17] to this end and useful limits were obtained as-
suming that the data reflect per se the fast cooling of this ob-
ject. The cooling behavior of peculiarly “hot” CCO HESS
J1731-347 has been analyzed in the context of axionic cool-
ing in Ref. [18].
This paper is structured as follows: In Sec. II we start with
a brief review of axion emission processes, discuss the axion
coupling to SM particles within the DFSZ model and concen-
trate on the rate of axion emission by electron bremsstrahlung
in neutron star crusts. Sec. III discusses the simulation setup
and the resulting cooling tracks for a large array of models of
neutron stars. Our conclusions and an outlook are given in
Sec. IV. The natural units with ~ = c = kB = 1, α = 1/137
will be used unless stated otherwise.
II. MICROPHYSICS OF AXION EMISSION IN NEUTRON
STARS
A. Overview
The focus of this work, from the microscopic point of view,
is the bremsstrahlung of axions by electrons which are scat-
tered on nuclei in neutron star crusts. This process has been
initially studied in Ref. [19]. Improved rates which include
many-body correlations were derived later in Refs. [20, 21].
However, these rates have not been implemented in cooling
simulations of neutron stars previously; the pioneering sim-
ulations of Umeda et al. [22] contain results obtained within
the DFSZ model, but the electron bremsstrahlung process has
not been mentioned. As indicated above, our simulations in
Paper I were limited to hadronic KSVZ model which does not
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2couple the axions to electrons at the tree level. Nevertheless,
the electron bremsstrahlung of axions was considered in detail
in the context of cooling of white dwarfs [23–26] and appro-
priate limits on the electron-axion coupling were derived from
comparisons of white-dwarf cooling models and their obser-
vations. We will discuss the implementation of this process in
the following subsection.
A leading axion emission process from the interiors of neu-
tron stars is the axion (a) bremsstrahlung by nucleons (N ):
N + N → N + N + a. It was studied in the context of
type-II supernovae and the bounds on axion properties were
derived by requiring consistency between the explosion ener-
getics as well as energies of neutrinos observed in the 1987A
event and energy drained by axion emission [27–31]. More re-
cent work concluded that future supernova observations could
probe axion mass range ma ≤ 10−2 eV [32]. Axions may not
free stream in supernovae if their coupling to matter is large
enough. Burrows et al. [29] find that axions are trapped within
a newborn neutron star if the axion mass is larger than 102 eV.
This implies the existence of an “axion sphere,” i.e., a surface
of last interaction of axions with the ambient matter at the ini-
tial stage of neutron star evolution. However the physics at
the early moments of neutron star cooling does not affect the
following stages of thermal evolution significantly, therefore
our simulations are started at a temperature at which axions
and neutrinos are untrapped, which is typically T ' 5 MeV.
Axion bremsstrahlung via Cooper pair-breaking-formation
(PBF) processes sets in after the nucleons undergo a superfluid
phase transition [9, 33]. These have been the dominant axion
emission processes in the KSVZ model. Our previous limits
reflect the efficacy of these processes in cooling neutron stars
below the observed temperatures in the neutrino cooling era,
which corresponds to the time span 0.1 ≤ t ≤ 100 kyr. It is
understood that their neutrino counterpart PBF processes [34–
38] are sufficient to cool the stars towards their current obser-
vational values. Interestingly, PBF processes can trap axions
at the late stages of cooling if fa ≤ 106 GeV due to the in-
verse proton PBF, as has been pointed out in Ref. [17]. The
fa-values discussed below are all above this limit, therefore
we will ignore the possibility of axions being trapped.
B. DFSZ model of axion coupling to SM particles
The Lagrangian of axion field a has the form
La = −1
2
∂µa∂
µa+L
(N)
int (∂µa, ψN ) +L
(L)
int (a, ψL),(1)
where the second and third terms describe the coupling of the
axion to the nucleonic (ψN ) and leptonic fields (ψL) of the
SM. The second term is given explicitly by the interaction La-
grangian
L
(N)
int =
1
fa
Nµ∂µa, N
µ =
∑
N
CN
2
ψ¯Nγ
µγ5ψN , (2)
whereN ∈ n, p stands for neutron or proton,Nµ is the baryon
current, fa is the axion decay constant, and CN is the PQ
cos2 β Cn Cp Ce
0.0 −0.14 −0.13 0.00
0.25 −0.04 −0.24 0.08
0.5 0.06 −0.36 0.17
0.75 0.16 −0.47 0.25
1.0 0.26 −0.58 0.33
TABLE I. The values of the axion-nucleon and axion-electron cou-
pling constants for various values of parameter cos2 β.
charge of baryon N . The coupling of axions to electrons can
be written in the pseudoscalar form
L
(e)
int (a, ψe) =
Ce
2fa
ψ¯eγ
µγ5ψe(∂µa) = −igaeψ¯eγ5ψea,(3)
where the Yukawa coupling is given by gae = Ceme/fa with
me being the electron mass. We will also use a “fine-structure
constant” associated with this coupling, which is defined as
αae = g
2
ae/4pi.
The PQ charges for the proton and neutron are given by
generalized Goldberger-Treiman relations
Cp = (Cu − η)∆u + (Cd − ηz)∆d + (Cs − ηw)∆s, (4)
Cn = (Cu − η)∆d + (Cd − ηz)∆u + (Cs − ηw)∆s, (5)
where η = (1 + z + w)−1, with z = mu/md, w = mu/ms,
∆u = 0.84 ± 0.02, ∆d = −0.43 ± 0.02 and ∆s = −0.09 ±
0.02. The main uncertainty arises from the quark-mass ratios:
0.35 ≤ z ≤ 0.6 and 17 ≤ ms/md ≤ 22. We adopt below the
following mean values: z = 0.5 and w = 0.025.
In the DFSZ model, the PQ charges are given by
Ce = Cd = Cs =
cos2 β
3
, Cu =
sin2 β
3
, (6)
where the angle β is a free parameter.
Finally, the axion mass is given by
ma =
z1/2
1 + z
fpimpi
fa
=
0.6 eV
fa7
, (7)
where fa7 = fa/(107 GeV), the pion mass mpi = 135 MeV,
its decay constant isfpi = 92 MeV, and z = 0.5 as above. Note
that Eq. (7) translates a lower bound on fa into an upper bound
on the axion mass. Table I displays the set of axion-fermion
couplings for five values of the parameter cos2 β which are
used below to cover the relevant range of cooling simulations.
In addition, we show in Fig. 1 the same dependence in the full
range 0 ≤ cos2 β ≤ 1.
C. Axion bremsstrahlung emission in the crust
At temperatures relevant for neutrino cooling era the dom-
inant cooling process associated with the electron component
3FIG. 1. Dependence of the PQ charges of the electron (e), neutron
(n) and proton (p) on the parameter cos2 β.
of the star is the electron bremsstrahlung of neutrino–anti-
neutrino pairs or axions when electrons are scattered off the
nuclei. For all relevant temperatures and densities, ions are
fully ionized and electrons form an ultrarelativistic, weakly
interacting gas. The correlations in the ionic component are
characterized by the Coulomb plasma parameter
Γ =
e2Z2
Tai
' 22.73Z
2
T6
(
ρ6
A
)1/3
, (8)
where e is the elementary charge, A and Z are the mass
number and charge of a nucleus, T is the temperature, ai =
(4pini/3)
−1/3 is the radius of the spherical volume per ion,
ni the number density of nuclei, T6 is the temperature in units
106 K, and ρ6 is the density in units of 106 g cm−3. The ionic
component is in the liquid state for values of Γ ≤ Γm ' 180.
Otherwise, it forms a lattice, i.e., for Γ > Γm and the elec-
trons are scattering on the lattice and phonons. For a recent
compilation of the phase diagram of matter in the crust of a
neutron star and its dependence on the composition of matter
see Ref. [39].
The axion emissivity can be written in the solid (S) and
liquid (L) phases in the generic form [19–21]
L/S =
4pi2
15
(αZ)2
A
αaenB
~2c
(kBT )
4
(2cpF )2
(
pF
me
)2
FL/S , (9)
where for the sake of clarity we recovered the fundamental
constants, pF is the Fermi momentum of electrons, nB = Ani
is the nucleon number density, and FL/S are correlation func-
tions defined in Refs. [20, 21]. They depend (among other
factors) on the static structure factor of ions and the nuclear
form-factor of the nucleus. After substituting the numerical
constants one finds [20, 21]
L/S = 1.08 ραae,26
Z2
A
T 48 FL/S [erg cm
−3 s−1] , (10)
where ρ is the mass density, T8 = T/(108K) and αae26 =
1026αae with gae =
√
4piαae = Ceme/fa ' 1.67 ×
10−11 cos2 β/fa7. The correlation functions in the solid and
liquid phases were obtained through fits to the data provided
in Fig. 3 of Ref. [20]. In the solid phase the contribution of
the lattice is taken into account, but the small phonon con-
tribution is neglected, see Fig. 3 of Ref. [21]. For practical
purposes, we use fits to these computations which are given in
the Appendix.
III. COOLING SIMULATIONS
To make our presentation self-contained we remind here the
basic assumptions underlying the strategy adopted in Paper I:
(a) the simulations are based on a conservative model of cool-
ing of neutron stars, which requires that the stellar models
describing the data are not massive enough to allow for fast
cooling processes to occur. This requirement is based on the
observation that fast cooling agents appear only above certain
density threshold which can be reached only in massive com-
pact stars. The light- to medium-mass neutron stars within the
mass range 1 ≤ M/M ≤ 1.8 are good candidates for such
cooling. (b) The simulations are compared to observational
data for sources with estimated magnetic fields of the order of
canonical pulsar fields B ' 1012 G and below. This ensures
that internal heating by strong magnetic fields [40] can be ex-
cluded. (c) We continue to use the NSCOOL code 1 with its
specific microphysics input to guarantee the easy reproduction
of our results and to benchmark the axion cooling of neutron
stars (see Paper I for details). The code has been extended to
include all the relevant axionic emission processes by hadrons
and electrons as discussed above.
A. Physics input and observational data
The cooling code solves the energy balance and transport
equations in spherical symmetry, i.e., rotation and magnetic
fields are excluded. We use a generic relationship between the
surface temperature Ts and the temperature of the shell at den-
sity ρb = 1010g cm−3 to avoid the problem of radiative trans-
port in the thin blanket lying below this density. This relation
is given by T 4s = gsh(T ), where gs is the surface gravity, and
h is some function which depends on the temperature T , the
opacity of the blanket, and its equation of state. The surface
composition of a neutron star is modeled by the parameter η,
with η = 0 corresponding to a purely iron surface and η → 1
to a light-element surface. Further details of the input physics
can be found in Ref. [41] and in Paper I. Throughout a cooling
simulation, we extract the neutrino and axion luminosities of
our models, as well as the photon luminosity which is given
by the Stefan-Boltzmann law Lγ = 4piσR2T 4s , where σ is the
Stefan-Boltzmann constant, and R is the radius of the star.
The dataset of surface temperatures considered in Paper I,
which we also use here is as follows. The first object – the
1 The NSCOOL code is available at: http://www.astroscu.unam.mx
/neutrones/NSCool/.
4FIG. 2. Cooling tracks of neutron star models with mass M = 1.4M for the case of a nonaccreted iron envelope (η = 0). The data shows
the surface temperatures inferred from the black-body fits to the x-ray emission of CCO in Cas A, PSR B0656+14 and Geminga. Each panel
corresponds to fixed value of fa7 as indicated. The values of PQ charges are specified in terms of cos2 β parameter, see Table I.
FIG. 3. Same as in Fig. 2 but for η = 1.
5FIG. 4. Dependence of the photon Lγ , neutrino Lν and axion La luminosities on age for the models ofM = 1.4M stars for indicated values
of the axion coupling fa7. The PQ charges correspond to cos2 β = 0.5 (light blue) and cos2 β = 1 (violet). In addition we show the axion
luminosity Lae due to electron bremsstrahlung in the crust [with emissivity given by Eq. (10)] for cos2 β = 0.5 (red) and cos2 β = 1 (orange).
FIG. 5. Same as in Fig. 4 but for η = 1, in which case the photon luminosity is modified, but the neutrino and axion luminosities are not.
6FIG. 6. Axion and neutrino luminosities of a neutron star model
with mass M = 1.4M for the case of a nonaccreted iron envelope
(η = 0) and fa7 = 2. We consider the value cos2 β = 0.344 in
which case Cp = −0.284, Ce = 0.115 and Cn = 0 (neutrons do
not couple to the axions). The luminosity of axion bremsstrahlung
by electrons Lae is shown for proton 1S0 gap ∆p = 0 (short dashed)
and for gap values from Ref. [42] (long dashed).
CXO J232327.9+584842 in the Cassiopeia A (Cas A) super-
nova remnant (SNR) – is a representative of a group central
compact objects (CCOs) – pointlike, thermally emitting x-ray
sources located close to the geometrical centers of nonple-
rionic SNRs [47]. These objects have low magnetic fields,
which exclude heating processes at this stage of evolution.
The value T = 2.0 ± 0.18 × 106 K at the age 320 yr was
used [48]. In addition three nearby neutron stars which allow
spectral fits to their x-ray emission were considered [49]. The
fits invoke two black-body temperatures and we identify the
lowest one with the surface temperature and quote only this
value (see for further details Paper I):
• PSR B0656+14 with fit temperatures Tw = (6.5 ±
0.1)× 105 K and characteristic age 1.1× 102 kyr.
• PSR B1055-52 with fit temperatures Tw = 7.9± 0.3×
105 K and characteristic age 5.37× 102 kyr.
• Geminga, a radio-quiet object, with the Tw = 5.0 ±
0.1× 105 K and characteristic age 3.4× 102 kyr.
The error in the estimate of the ages of these objects from
their spin-down age is quantified by varying their age by a
factor of 3. As noted in Paper I, the data on PSR B1055-52
are marginally consistent with the cooling curves even in the
absence of axions. This can be attributed to (a) larger error in
the age of this pulsar than assumed above; (b) internal heating;
(c) the modeling of the pairing gaps, which in principle can be
tuned to fit the inferred temperature of PSR B1055-52. Given
the uncertainties involved, we will exclude the data on PSR
B1055-52 in the following. We do not attempt to fit the tran-
sient behavior of the Cas A, as has been done in Refs. [16, 17],
since the data on rapid cooling is inconclusive [48, 50]. In any
FIG. 7. Pairing gaps (critical temperatures) used in the simulations
in Fig. 8 as a function of neutron (proton) Fermi momentum. (a) neu-
tron 1S0-gaps according to WAP [43] and FCK [44]; (b) critical tem-
perature of 3P2-3F2 superfluid neutron phase transition according to
models a and b of Ref. [45]; (c) critical temperature of 1S0 superfluid
proton phase transition according to T73 [42] and CCDK [46].
case, the limits derived by these authors using cooling simula-
tions are comparable to those derived below. Future observa-
tions and analysis of putative fast cooling of Cas A may prove
to be a highly efficient tool to constrain the properties of ax-
ions along the lines of Refs. [16, 17]. An additional candidate
for constraining axion properties is the peculiarly “hot” CCO
HESS J1731-347. Reference [18] derived already limits on
fa7 from cooling simulations using the data from this object.
Since this object challenges our understanding of the cooling
of neutron stars even without axionic cooling we will not in-
7FIG. 8. Cooling tracks of neutron star models with mass M = 1.4M for the case of a nonaccreted iron envelope (η = 0), fa7 = 15
and cosβ = 0 and 1 (upper and lower curves, respectively) and for various selections of gaps, which are specified by triples of neutron 1S0,
neutron 3P2-3F2, and proton 1S0 gaps (see Fig. 7). Each panel features the results for the triple WAP-b-T73 (dashed lines) which is used in
all models shown in Figs. 2-6; the acronyms refer to Ref. [43] (WAP), model b of Ref. [45] (b), and Ref. [42] (T73), respectively. Panel a:
Cooling tracks (dash-dotted lines) for gap triple WAP-0-T73, where 0 means vanishing neutron 3P2-3F2 gap. Panel b: Cooling tracks for an
alternate model of 3P2-3F2 gap specified by the triple WAP-a-T73 (dash-dotted) lines; the acronym “a” correspond to pairing gap model a of
Ref. [45]. Panel c: Cooling tracks for an alternate model of neutron 1S0 gap specified by the triple FKC-b-T73 dash-dotted lines, where the
FKC refers to Ref. [44]. Panel d: Cooling tracks for proton 1S0 gap specified by the triple WAP-b-CCDK (dash-dotted) line, where CCDK
refers to Ref. [46].
clude it in our data set; see Ref. [18] for an alternative.
B. Results of simulations
A representative collection of 20 models of cooling neu-
tron stars for four values of the axion decay constant fa7 =
20, 15, 10, 5 and the PQ changes specified by rows 1 to 5 in
Table I were simulated. The mass of each model was kept
fixed at 1.4M assuming the “APR-Cat” equation of state of
the NSCOOL code. The triple of neutron 1S0 and 3P2-3F2
and proton 1S0 gaps were fixed to the value “WAP-b-T73”
of the NSCOOL code, where the acronyms refer to Ref. [43]
(WAP), model b of Ref. [45] (b), and Ref. [42] (T73). We
note that WAP and T73 gap values can be considered as
lower bounds on the neutron and proton 1S0 gaps respectively.
Model b of Ref. [45] can be taken as an upper limit on the
3P2-3F2 gap; we shall consider alternatives below.
Figures 2 and 3 show the results of cooling simulations of
20 models of m = M/M = 1.4 mass neutron stars defined
above with a nonaccreted iron envelope (η = 0) and a light-
element envelope (η = 1), respectively. Each of the panels
corresponds to a value of the axion coupling fa7 = 20, 15, 10
and 5; within each panel, we vary the PQ charges of neu-
trons, protons and electrons according to the indicated values
of cos2 β parameter. The dots with error bars show the three
test objects quoted above. Quite generally, the temperature of
CCO in Cas A is consistent with the cooling curves if one as-
sumes a light-element envelope in the absence of axion cool-
ing; otherwise, its theoretical temperature undershoots the ob-
servational value. In the case of older pulsars, the data agrees
with the predictions of the theoretical modeling without axion
cooling only for an iron envelope.
Consider now switching on the axion production in the case
η = 0 shown Fig. 2. The additional loss of energy by ax-
ion emission decreases the temperatures of our models. For
fa7 = 20 all the five values of PQ charges are consistent
with the data; for fa7 = 15 the values cos2 β = 0.75 and
larger are excluded by the data; for fa7 = 10 the values larger
than cos2 β = 0.5 are incompatible with the data; finally, for
fa7 = 5 all values of cos2 β are excluded by the data, except
for cos2 β = 0.
8Similar, but not identical, conclusions are reached by ex-
amining the data in Fig. 3. One observes that the following
combinations are inconsistent with the Cas A data: fa7 = 10
and cos2 β = 1.0 and fa7 = 5 and cos2 β ≥ 0.25. None of
the values of the PQ charges are excluded for fa7 = 15 and
20.
Figures 4 and 5 show the neutrino, axion and photon lu-
minosities as a function of time for four values of the ax-
ion coupling constant fa7 and PQ charges corresponding to
cos2 β = 0.5 and cos2 β = 1 (see Table I) in the cases η = 0
and η = 1, respectively. Clearly, the figures differ only by
the values of the surface photon luminosity, which is larger in
the case η = 1 at early stages of thermal evolution and the
opposite is true at later stages of evolution. It is seen that for
fa7 = 20 the axion and neutrino luminosities are compara-
ble. In the remaining cases, the neutrino luminosity is sub-
dominant and the cooling rate is determined by the balance
between the axion emission rate and the change in the thermal
energy given approximately by cV dT/dt, where cV is the net
specific heat of the star.
To quantify the role of the electron bremsstrahlung of ax-
ions in the crust of a neutron star we show its luminosity Lae
in Fig. 4. Irrespective of the value of fa7 its contribution to
axionic luminosity is negligibly small for cos2 β = 0.5 and
1; while its magnitude is comparable to the photon luminosity
and even exceeds it for fa7 ∼ 5, this occurs only at the early
stages of evolution where the axion and neutrino emission
by other processes dominate. However, the bremsstrahlung
may contribute to the axion luminosity in some regions of the
parameter space. Consider the case where the axion-neutron
coupling Cn = 0, which corresponds to cos2 β = 0.344, see
Fig. 1. In this case, the PBF processes on neutron condensates
in the core and the crust do not contribute to axion emission.
Then, the net axion luminosity is determined by the electron
bremsstrahlung, the PBF process in the proton condensate,
and proton modified Urca process. To disentangle the last two
processes we consider two cases: (a) the proton gap vanishes
in which case the proton PBF process vanishes as well; (b) the
proton gap is finite and is given by T73 [42]. In case (a) the
axionic cooling is the sum of the electron bremsstrahlung and
modified Urca process. Figure 6 shows that up to ∼ 102 yr
the electron bremsstrahlung can contribute a substantial frac-
tion to the net axion luminosity in both cases (a) and (b). Of
course, we consider only very special case of Cn = 0; as seen
in Fig. 4 once neutrons couple to axions their axion emissivity
completely dominates the electron bremsstrahlung. Note that
the magnitude of the axion luminosity as measured with re-
spect to the neutrino luminosity changes with the value fa7,
whereas the relative magnitude of the luminosities of vari-
ous axionic processes do not. This is a straightforward con-
sequence of the f−2a scaling of the rates given by tree level
amplitudes.
The modeling of neutron star cooling depends on a large
number of parameters in general, but it is known to be most
sensitive to the pairing gaps of neutrons and protons. To gain
some insight in the effect of variation of these gaps, cool-
ing simulations were performed with alternate pairing gaps
for each type of the condensate while leaving the others fixed
at their assumed values given by the triple WAP-b-T73 de-
fined above and taken as a reference for comparison. Figure 7
shows the pairing gaps or critical temperatures for neutron 1S0
and 3P2-3F2 pairing and proton 1S0 pairing. The reference
gap in the neutron star crusts represents a lower limit (as it in-
cludes the suppression by long-range polarization effects). As
an alternative we use the computation of Ref. [44] where the
pairing interaction resums both long- and short-range correla-
tion in an approximated way. The resulting gap is significantly
larger, the maxima differing by a factor ∼ 2.5. The reference
value of the critical temperature for neutron 3P2-3F2 pairing
is large and we need to adopt a smaller value; we consider be-
low two options where Tc = 0 in this channel or it is given by
the model a (instead of b) of Ref. [45]. Finally, for proton 1S0
pairing we explore the possibility of larger Tc, taking as an
example the one corresponding to the gap given by Ref. [46].
The corresponding critical temperature has a maximum by a
factor of 2 larger and a substantially larger extent into the core
of the star.
We start with the case of vanishing neutron 3P2-3F2 gap
[panel (a) of Fig. 8]. This results in moderately enhanced
temperatures, the uncertainty being of the order of 5% except
during the late time cooling t > 105 yr where significant dif-
ferences arise. Adopting a smaller value of the 3P2-3F2 gap
[panel (b)] we find that cooling tracks drop earlier to lower
temperatures at t ∼ 102 yr and the temperatures stay lower
throughout the neutrino-axion cooling era t ≤ 105 yr. This
implies that lower values of the pairing 3P2-3F2 gap cannot
affect the limits inferred using its reference value. Employing
a larger neutron 1S0 pairing gap [44] in the crusts [panel (c)]
leads to an earlier drop in the cooling curves at 102 yr and tem-
peratures beyond this timescale almost identical to the refer-
ence ones; this in turn implies that the inferred limits will not
be affected with the variations of the neutron 1S0 gap. Finally,
if one adopts a larger proton 1S0 gap [46] (panel d) the drop
in the cooling curves is larger at t ≤ 102 yr. In this case the
deviations are again not large, of the order of 10% for t ≤ 105
yr . We conclude that the variations in the values of the gaps
in neutron and proton condensates do not affect significantly
the limits drawn from the analysis of the cooling curves.
In the case of Cas A the age of the CCO is known, therefore
its average temperature provides a reliable reference value. In
the parameter space spanned by cosβ2 and fa7 we can now
deduces the limiting values of these parameters. As seen from
Fig. 3 in the range 0 ≤ cosβ2 ≤ 1 the compatibility of the
data implies 5 ≤ fa7 ≤ 10. Using Eq. (7) we find upper limits
on axion masses
max [ma] ' 0.12 eV, cos2 β ' 0, (11)
max [ma] ' 0.06 eV, cos2 β ' 1. (12)
Thus, the DFSZ axion mass above the quoted values is ex-
cluded by numerical simulations of cooling neutron stars and
their comparison with the observational data on Cas A.
9FIG. 9. Computations of Ref. [20] (points) are compared with the
fits (lines) for the indicated values of the parameter Γ.
IV. DISCUSSION AND CONCLUSIONS
In this work, we continued our study of cooling of weakly
magnetized neutron stars by the emission of axions. The key
strategy (see also Paper I) is to assume that the observed ob-
jects are not heavy enough to allow for nucleation of new de-
grees of freedom in their high-density cores. This cooling be-
havior could be changed significantly in cases of quark matter
nucleation [51–54] or hyperonization [55–57]; for reviews see
Refs. [58–61]. Even without new degrees of freedom, high
densities may permit fast (or accelerated) processes involv-
ing only neutrons, protons and leptons [62, 63]. For canoni-
cal mass stars with masses M ∼ 1.4M neutrino cooling is
slow [41, 64]. Taking the consistency of the neutrino cool-
ing models with the data on three neutron stars with reliable
fits to their blackbody emission as a reference point, we ex-
plored the modification introduced by switching on the axion
emission from the stellar interior. We have included all the rel-
evant axion emission processes which couple axions to elec-
trons, protons and neutrons, in particular, the recently derived
rates from PBF processes [9, 33], as well as axion emission by
electron bremsstrahlung [20, 21]. The last process of electron
bremsstrahlung is an insignificant source of axion emission,
except when the neutron PQ charge is extremely small, so that
the coupling of neutrons to axions can be neglected.
In this work, we focused on the DFSZ model which allows
axion emission from the electronic component of the star. The
DFSZ model has the advantage that the PQ charges of hadrons
and electrons are locked via a single parameter cos2 β. The
limiting value of the axion coupling constant then spans a
wide range 5 ≤ fa7 ≤ 15 depending on the value of cos2 β.
This translates into a range of upper bounds on the axion mass
0.06 ≤ max [ma] ≤ 0.12 eV, (13)
which are consistent with those inferred for the KSVZ model.
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Appendix A: Fits to the correlation functions FL/S
The correlation functions FL/S in Eq. (10) have been com-
puted in Ref. [20]. We used the following fit formulas for
these functions to implement the axion bremsstrahlung by
electrons. As a function of the density these are given by sim-
ple polynomials
logFS/L(x,Γ) = a+ bx
2 + cx4 − [1− uS/L(Γ)], (A1)
with x ≡ log ρ where
a = 0.21946, b = 0.00287263, c = −0.000142016,
(A2)
for x ≤ x0 = 11.4, and
a = −6.47808, b = 0.068645, c = −0.000252677,
(A3)
for x > x0. These fits were carried out for Γ0 = 103 and
subsequently extrapolated to other relevant values of Γ using
the function
uS/L = u0 + u1(Γ/Γ0) + u2(Γ/Γ0)
2, (A4)
where
u0 = 0.488049, u1 = 1.25585, u2 = −0.743902,
(A5)
in the solid phase and
u0 = 0.672409, u1 = 0.182774, u2 = 0.144817,
(A6)
in the liquid phase. Figure 9 shows the dependence of the cor-
relation functions on the density on a log-log plot. The overall
accuracy of the fit is below 10%, with some larger deviations
≤ 30% in a narrow range of densities for selected values of Γ.
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